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Membrane protein denaturationHigh-resolution structural analysis of membrane proteins by X-ray crystallography or solution NMR spectros-
copy often requires their solubilization in the membrane-mimetic environments of detergents. Yet the choice
of a detergent suitable for a given study remains largely empirical. In the present work, we considered the
micelle-crystallized structures of lactose permease (LacY), the sodium/galactose symporter (vSGLT), the vita-
min B12 transporter (BtuCD), and the arginine/agmatine antiporter (AdiC). Representative transmembrane
(TM) segments were selected from these proteins based on their relative contact(s) with water, lipid, and/
or within the protein, and were synthesized as Lys-tagged peptides. Each peptide was studied by circular di-
chroism and ﬂuorescence spectroscopy in water, and in the presence of the detergents sodium dodecylsulfate
(SDS, anionic); n-dodecyl phosphatidylcholine (DPC, zwitterionic); n-dodecyl-β-D-maltoside (DDM, neu-
tral); and n-octyl-β-D-glucoside (OG, neutral, varying acyl tail length). We found that (i) the secondary struc-
tures of the TM segments were statistically indistinguishable in the four detergents studied; and (ii) a strong
correlation exists between the extent of helical structure of each individual TM segment in detergents with
its helicity level as it exists in the full-length protein, indicating that helix adoption is fundamentally the
same in both environments. The denaturing properties of so-called ‘harsh’ detergents may thus largely be
due to their interactions with non-membranous regions of proteins. Given the consistency of structural fea-
tures observed for each TM segment in a variety of micellar media, the overall results suggest that the struc-
ture likely corresponds to its relevant biological form in the intact protein in its native lipid bilayer
environment.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Advances in understanding the folding of membrane proteins
have been made by considering their initial structure formation as oc-
curring in two stages [1,2]. In the ﬁrst step, individual transmembrane
(TM) helices are inserted into the membrane, a process largely deter-
mined by segmental hydrophobicity. Following insertion, tertiary
contacts are formed by association of individual helices; as such, the
characterization of individual TM segments has been widely used as
a reductionist approach to investigate the folding of larger TM pro-
teins. This generalization of the “folding problem” has led to the suc-
cessful identiﬁcation of a variety of helix–helix interaction motifs that
drive association of TM segments in the bilayer [3,4]. Such work hasdecylsulfate; PBD, Protein Data
ylcholine; DDM, n-dodecyl-β-
cetic acid; MRE, mean residue
ructure & Function, Research
e, Toronto, Ontario, Canada M5G
rights reserved.allowed for the extensive investigation of the structure and folding
of membrane proteins based largely upon helix–helix interactions
as the primary folding determinant [5–7]. Yet interestingly, as the
structural database of membrane proteins has grown, it is becoming
increasingly apparent that some additional features of TM domains
should be recognized within the broad paradigm of the two-stage
model [8–11]. For example, it has been noted that as many as one
in four multi-spanning TM proteins has a membrane-embedded seg-
ment that is predicted to lack sufﬁcient hydrophobicity for insertion
[12]. Such TM segments are common in transporter proteins where
segments that line internal cavities are partially exposed to an aque-
ous milieu, and thus to a much different environment than their more
hydrophobic counterparts. To this end, transmembrane protein struc-
ture, in many cases, cannot be described solely by a set of helix–helix
interactions. Instead, the interaction of membrane-spanning seg-
ments with the surrounding lipid and/or aqueous environment
must also be taken into consideration.
The biophysical characterization of membrane proteins (particu-
larly high-resolution structure generation by solution NMR and X-
ray crystallography) has been aided by the use of detergent micelles
as a membrane mimetic environment [13–17]. A variety of
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may be maintained in detergent environments [18,19]; aspects of
secondary and tertiary structure may be similar in lipid bilayer versus
micelle environments [20]; and the overall fold of a protein may per-
sist in detergents [21]. We have recently observed that the interaction
of designed TM segments with detergents is highly sequence-
dependent, and in many cases mimics the predicted in vivo formation
of both helix–helix and protein–lipid interactions [22,23]. It is thus
likely that features of native TM segment secondary and tertiary
structure persist upon solubilization as detergent complexes. Howev-
er, the ability of some, if not all, detergents to preserve such features
appears to differ on a case-by-case basis.
The increasing number of available high-resolution membrane
protein structures – themselves obtained in detergent environments
– affords the opportunity to systematically address how detergents
interact with a range of diverse TM segments. In the present work,
we approach this issue by ﬁrst developing a classiﬁcation scheme of
TM domain structure, in which the local environments of individual
residues of TM segments are deﬁned. Using this classiﬁcation scheme,
we investigate the folding of a variety of native and non-native TM
segments in a selection of detergents, from which we are able to
make comparisons to the corresponding structure in the native bilay-
er. Our results demonstrate that for these TM segments, there is a
similarity in structure when these individual segments are solubilized
in detergents vs. their structures as they occur within the full-length
protein. We also observe that these TM segments are generally indif-
ferent to the detergent used for solubilization, suggesting a degree of
commonality among micellar environments.
2. Materials and methods
2.1. Transmembrane protein structural analysis
High-resolution structures of membrane proteins were down-
loaded from the Membrane Proteins of Known 3D Structure database
(available online at http://blanco.biomol.uci.edu/mpstruc). α-Helical
TM proteins classiﬁed as a channel or transporter (symporters, anti-
porters included), were manually inspected for Trp residues within
the TM region. TM segment boundaries were taken from the Orienta-
tions of Proteins in Membranes database (http://opm.phar.umich.
edu/ — accessed Feb. 2010) [24]. Segments that contained more
than one Trp residue or a Trp residue that was located within three
residues from the lipid acyl chain/head group boundary were exclud-
ed from further analysis. For protein structures that contained one or
more segments that met this criteria, residue burial was calculated
using the program NACCESS [25]. A probe of radius 1.88 Å was used
as an approximation of the radius of a methylene group of a lipid
acyl chain, and analysis was preformed as previously described [26].
For each TM segment, secondary structure assignments were made
using DSSP [27,28], and predictions of free energy of translocon-
mediated membrane insertion (ΔGins) were made using the ΔG pre-
diction server v1.0 (http://dgpred.cbr.su.se) [12,29].
2.2. Peptide synthesis and puriﬁcation
Peptides corresponding to the selected TM segments were synthe-
sized with ﬂanking Lys residues to impart aqueous solubility [30].
Synthesis was performed using standard Fmoc (N-(9-ﬂuorenyl)
methoxycarbonyl) chemistry on a PS3 peptide synthesizer (Protein
Technologies, Inc.) using the manufacturer's protocol. Low load PAL-
PEG-PS resin (Applied Biosystems) was used which produced an ami-
dated C-terminus upon cleavage. Following synthesis peptides were
cleaved from the resin with 2 h incubation with 88% triﬂuoroacetic
acid (TFA), 5% phenol, 5% ultrapure water, and 2% tri-
isopropylsilane. Cleaved peptides were precipitated in cold ether
overnight, dried, and redissolved in ultrapure water. Peptides werepuriﬁed by reverse-phase high pressure liquid chromatography on a
C4 preparative column (Phenomenex), using an acetonitrile/water
gradient (with 0.1% TFA). Mass spectrometry was used to identify
the molecular weight of the puriﬁed peptides. All peptides were ly-
ophilized following puriﬁcation, resuspended in ddH2O and stored
in aliquots at −20 °C. Peptide concentrations were determined
using based on UV absorbance at 280 nm in water using predicted
molar extinction coefﬁcients [31].
2.3. Biophysical characterization
For studies by circular dichroism and ﬂuorescence spectroscopy,
freshly thawed aliquots of peptides were diluted to a ﬁnal concentra-
tion of between 15 and 25 μM in 10 mM Tris.HCl buffer (pH 8.0), with
or without detergent. Detergent concentrations were chosen such
that there was a minimum 1000-fold excess of detergent molecules
to peptide molecules, as well a minimum of twice the critical micelle
concentration. For SDS, DPC, and DDM, a detergent concentration of
20 mM was used; for OG, a concentration of 50 mM was used. Sam-
ples were incubated for a minimum of 3 h prior to data acquisition.
Further incubation was found to not affect either CD or ﬂuorescence
spectra. For Cys-containing peptides, spectra were also recorded in
the presence of β-mercaptoethanol or dithiothreitol; these reducing
agents were not found to signiﬁcantly affect the magnitude or shape
of the spectra other than increasing spectral noise, and as such were
not included in further experiments.
CD spectra were recorded in a 1 mm path length cuvette on a Jasco
J-810 CD spectropolarimeter. All spectra were background subtracted
and converted to mean residue molar ellipticity (MRE [deg cm2 d-
mol−1]). Fluorescence emission spectra of the samples were recorded
on a Hitachi F-400 Photon Technology International C-60 ﬂuores-
cence spectrometer. Trp residues were excited using a wavelength
of 295 nm with a 2 nm slit width, and emission measured between
305 and 420 nm with a 4 nm slit width. Fluorescence spectra were
corrected by subtraction of background, and by the correction func-
tion of FELIX software provided by the manufacturer. The wavelength
of maximum emission intensity was obtained from these spectra, and
the blue shift for each detergent was calculated as the difference be-
tween the average wavelength of maximum emission in aqueous
buffer and the detergent-containing buffer.
2.4. Statistical analysis
For each TM segment, the mean helicity in each detergent (mea-
sured by MRE at 222 nm — [θ222nm]det.) was determined using a min-
imum of three replications. The overall mean helicity was then
determined for each TM segment by taking the average helicity across
detergents ( θ222nm½ TM). In order to compare the relative effects of de-
tergents among different segments, the helicity of each TM segment/
detergent pairing was normalized to the mean helicity (in all deter-
gents) for that TM segment (Eq. (1)).
Δ θ222nm½ det:;%
  ¼ θ222nm½ det:
 
− θ222nm½ TM
  
= θ222nm½ TM
 h i
 100%
ð1Þ
The normalized helical structure induction (Δ [θ222nm]det., %) indi-
cates the relative amount of helical induction that occurs for each de-
tergent. The average of this value across all TM segments ( θ222nm½ , %)
was then calculated for each detergent. The same calculationswere per-
formed using blue shifts in place of helicity to determine the average,
normalized blue shift of each detergent ( Δλdet½ , %). All comparisons
of biophysical data between TM segments or detergents were made
using two sided Student's t-tests assuming equal variance using Excel
(Microsoft). Linear regression (using the least squares method) was
performed using Prism (GraphPad Software, Inc.).
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3.1. Transmembrane structure classiﬁcation
Formation of TM protein structure within a lipid bilayer requires a
complex network of interactions that include not only helix–helix
contacts but also the formation of surfaces exposed to the surround-
ing environment— in many cases the hydrophobic lipid environment,
but in some cases an aqueous environment [16,32]. In order to sys-
tematically investigate how such complex interactions might be
maintained in detergent environments, we began by classifying the
individual residues within a group of proteins for which high-
resolution structures are available (Fig. 1) by a scheme wherein a
given amino acid within a TM segment is placed in one of three cate-
gories based upon its primary local environment: (i) exposed to an
adjacent protein surface (viz., a helix–helix interaction); (ii) exposed
to membrane lipids (the exterior surface of the protein); or (iii) ex-
posed to an aqueous environment (such as a channel or pore of a
transport protein, or a ligand or cofactor binding pocket) (Fig. 1a). Ex-
posure to an adjacent protein surface was deﬁned based upon the rel-
ative side chain burial within the structure (see Materials and
methods). A relative accessibility of less than 20–25% has previously
been used to deﬁne buried amino acid residues in membrane proteins
[26,32,33], although accessibility cut-offs as low as 5% have been used
for soluble proteins [34]. In the present work, a residue that had a rela-
tive accessibility of less than 10%was classiﬁed as buried. The remaining
residues were classiﬁed as having lipid exposure (outward facing) or
aqueous exposure (facing an internal cavity) based upon manualFig. 1. Classiﬁcation of local residue environment in TM transporter proteins. (a) Schematic v
well as the any internal water ﬁlled cavities (open view — bottom). TM regions are shown in
contact with water are rendered in blue; those in contact with lipid are rendered in green; an
methods). Non-membranous regions are shown as cartoon representations in gray. For vSG
Boundaries of the bilayer core are shown in black. In the open view, for clarity proteins ar
removed. For BtuCD, helices 3, 4 and 5 from one subunit and helices 9 and 10 of another h
5 and 8 have been removed. PDB IDs of the structures, along with the detergents used for so
ments chosen for characterization. Surfaces are colored according to local environment as sh
the Trp residue are outlined in black for each segment.inspection of the structure. Using these criteria, 90% of TM segments
known to contribute to pore formation in the structures investigated
were correctly identiﬁed (compared to only 70% when using a cut-off
of 25%). All TM segments that were synthesized were correctly classi-
ﬁed (in terms of pore-lining or not) using these criteria. Class (iii) is
most prevalent in small molecule transporter proteins as these systems
often have large water-ﬁlled cavities that allow for substrate access to
the interior of the membrane bilayer (Fig. 1a). Based upon the results
of this classiﬁcation scheme, we synthesized ﬁve representative TM
segments selected from these membrane transporter proteins that
have a broad range of hydrophobicities, secondary structures, and inter-
active surfaces within their native structures (Fig. 1b; sequences in
Table 1). Choices of the segments were further narrowed by our re-
quirement for the inclusion of a native Trp residue as a ﬂuorescent
probe. To augment the analysis of these native segments, we performed
parallel sets of experiments on two de novodesigned segments (AI5 and
AI10) as “controls” with contrasting hydrophobicities that have previ-
ously been shown to differ in their interactions with sodium dodecyl-
sulfate (SDS) [22].3.2. Secondary structure of transmembrane segments
Peptides were ﬁrst assessed for formation – and extent – of helical
structure in a variety of detergents using circular dichroism (CD)
spectroscopy. We investigated each peptide in water as well as in
four acyl chain detergents with varying head group compositions [an-
ionic (SDS); zwitterionic, n-dodecyl phosphatidylcholine (DPC); andiew of transmembrane regions showing the external surface (side view— top panel), as
a space-ﬁlling representation and colored according to local environment; residues in
d those involved in protein–protein contacts are rendered in yellow (see Materials and
LT, helix 1 is also shown in gray, as side chain atoms were not deﬁned in the structure.
e shown with two or more helices removed. For vSGLT, helices 4, 5 and 10 have been
ave been removed. For LacY, helices 8 and 10 have been removed. For AdiC, helices 1,
lubilization/crystallization are given in Table 1. (b) Surface representations of TM seg-
own in the diagram. A cartoon representation of the backbone and a stick rendering of
Table 1
Transmembrane segment analysis and peptide sequences.
Protein Helix # Sequence ΔGins (kcal/mol) % native
helicity
% adjusted
helicitye
% rel. lipid exposure
(Trp)
% rel. aqueous exposure
(Trp)
Native TM segments
LacYa 3 KKKKK-Y75LLW78IITGMLVMFAPFFIFIFG96-
KKKKK
−2.38 46 45 32 –
vSGLTb 4 KKKKK-I129LAVFW134ISLYIFVNLTSVLYLGGLAL154-
KKKKK
−1.69 96 91 0 0
BtuCDc 10 KK-I305GVVTATLGAPVFIW319LLLKA324-KKK 0.29 95 36 53 0
LacYa 5 KKK-A143RMFGCVGW151ALCASIVGIMF162-KK 0.86 60 11 0 16
AdiCd 6 KK-I193QSTLNVTLW202SFIGVESAS211-KK 4.92 79 0 0 17
Designed TM segments
AI5 – KK-YAAAIAAIAWAIAAIAAAIAA-KKK −0.55 – – – –
AI10 – KKKKK-FAIAIAIIAWAIAIIAIAIAI-KKKKK −2.58 – – – –
a Lactose permease, PDB ID: 2V8N. Solubilized in DDM, crystallized with addition of β-D-galactopyranosyl 1-thio-β-D-galactopyranoside [52].
b Vibrio parahaemolyticus sodium/galactose symporter, PDB ID: 3DH4. Solubilized in n-decyl-β-D-maltoside (DM), crystallized with addition of Anzergent 3–12 [53].
c BtuCD, vitamin B12 transporter, PDB ID: 1LV7. Solubilized in dodecyl-N,N-dimethylamineoxide [54].
d AdiC, arginine/agmatine antiporters, PDB ID: 3HQK. Solubilized in DM [55].
e % adjusted helicity is obtained by multiplying % helicity (native structure)×(fins) (see Results section).
1354 D.V. Tulumello, C.M. Deber / Biochimica et Biophysica Acta 1818 (2012) 1351–1358neutral, n-dodecyl-β-D-maltoside (DDM)] and tail lengths [8-carbon,
n-octyl-β-D-glucoside (OG); and 12-carbon, (SDS, DPC, and DDM)].
The CD spectra, grouped by TM segment, are shown in Fig. 2; the
same spectra grouped by detergent are shown in the supporting in-
formation (Fig. S1). In aqueous buffer, peptides typically adopted a
‘random coil’ structure indicated by a minimum near 200 nm,
(Fig. 2, blue curves). The addition of detergent induced various de-
grees of helical structure (as evidenced by minima at 222 and
208 nm) depending upon the segment. Certain peptides (notably
AdiC TM 6 and LacY TM 5) remained largely ‘random coil’ in all deter-
gents. Perhaps surprisingly, even in SDS – an inducer of helical struc-
ture in water-soluble proteins [35] – there is only limited helix
formation in these latter TM segments.Fig. 2. Circular dichroism spectra of the transmembrane segment peptides derived from me
given in Table 1) in aqueous buffer (blue); OG (gold); DDM (green); DPC (red); and SDS (In general, for a given TM segment, all detergents produced simi-
lar degrees of helical induction (as assessed by the minimum at
222 nm (Fig. S2)), irrespective of head group composition or tail
length. In order to determine if certain detergents were more efﬁcient
helix promoters, we calculated the level of helical structure induction
for each TM segment in each detergent, normalized to the average for
the particular segment (see Materials and methods). When deter-
gents were compared in this manner, no detergent was found to pro-
duce an average helical induction signiﬁcantly different from any
other (Fig. 3a).
However, when averaged across all detergents, individual TM seg-
ments were found to have secondary structures that differed from
one another (Fig. 3b). One interesting trend is that the TM segmentsmbrane transporter proteins. Spectra are shown for TM segment peptides (sequences
black). Spectra are the average of a minimum of three independent experiments.
Fig. 3. Secondary structure analysis of peptides derived from native transmembrane seg-
ments and corresponding designed transmembrane peptides. (a) Normalized helical struc-
ture induction in each detergent averaged across all TM segments (see Materials and
methods). (b) Level of helix formation for each segment, averaged across all detergents.
Designed TM segments are shown in gold; TM segments that, in part, line an aqueous cavity,
are shown in blue; and the remaining TM segment,which is primarily on the external surface
of the corresponding protein, is shown in green. Error bars represent one standard deviation.
Fig. 4. Correlation of secondary structure of transmembrane segment peptides in de-
tergents vs. their secondary structure in the intact protein. Mean residue ellipticity
(MRE) is reported for each TM segment in each of the four detergents individually;
some points in the diagram are not visible due to superimposition. Adjusted helicity
values of each TM segment (see Table 1) are shown as solid circles; adjusted helicity
values calculated from alternative conformation structures are shown as crosses. The
alternative structures plotted are: for AdiC, PDB ID: 3LRB, 3L1L, and 3OB6; for lactose
permease, 2CFQ and 2CFP; for BtuCD 2QI9; and for vSGLT 2XQ2. Error bars represent
one standard deviation from the mean of a TM segment averaged across all detergents.
Linear regression was performed using GraphPad Prism. The line of best ﬁt for the cir-
cle points is shown as a solid line, and the 95% conﬁdence intervals are shown as
dashed lines.
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of insertion) adopt relatively little α-helical structure. This ﬁnding was
in contrast to the other TM segments studied, which remained in a
largely α-helical conformation in all detergent environments notwith-
standing their excision from the remainder of the protein. In instances
where two TM segments have similar hydrophobicity, the segment
that is less helical in the native structure also appears as less helical in
detergents. For example LacY TM 3 is less helical than vSGLT TM 4 in
both detergents (p=0.05) aswell as in the native structure (46% versus
96% helical content in the corresponding native structure, respectively;
Table 1). Likewise, BtuCD is largely helical in the native structure de-
spite containing a central Pro residue, and is able to adopt greater
helix formation in detergents compared to the remaining low hydro-
phobicity segments that contain non-helical regions in the native struc-
ture (LacY TM 5 and AdiC TM 6).
The free energy of membrane bilayer insertion (ΔGins) is a useful
measure of hydrophobicity as it informs on the predicted insertion
propensity of a given segment, viz., segments with a positive free en-
ergy of insertion are predicted to be not inserted independently of the
remainder of the TM protein. Any non-inserted fraction would not be
expected to fully adopt the observed secondary structure in the ab-
sence of the remainder of the protein. We thus adjusted the expected
levels of helicity of individual TM segments in the native structure for
the fraction that is predicted to be inserted independently of the re-
mainder of the protein. The % adjusted helicity is obtained bymultiplying the % helicity (native structure) (Eq. (2)) by the fraction
of TM segment inserted (fins) (Eq. (3)):
%helicity native structureð Þ ¼ α−helical residues=total residuesð Þ
 100% ð2Þ
f ins ¼ e− ΔGins= R298Kð Þ½ = 1þ e− ΔGins= R298Kð Þ½ 
 
ð3Þ
where R denotes the universal gas constant in kcal K−1 mol−1.
Using these values (Table 1), we found a strong correlation between
the helical content of each individual TM segment in detergents with its
adjusted helicity level as it exists in the full-length protein (Fig. 4;
r2=0.836, pb0.0001). This relationship demonstrates that helix adop-
tion in both proteins and peptides is contingent upon complete inser-
tion into a hydrophobic environment, and as such is responsive to low
sequence hydrophobicity.
It should be noted that additional crystal structures are available
for each of the TM proteins in Fig. 1 that represent different quaterna-
ry compositions, contain single mutations, and/or have been obtained
under various conditions (for example, in the absence or presence of
a bound ligand). Using the analysis described above, we found that in
some instances there are slightly different levels of helicity among the
TM segments of interest, indicating nuanced differences in the corre-
sponding TM domain conformation. These additional points are
denoted by crosses in Fig. 4. Analysis of the average helical structure
among all structures for each TM segmentwas found to give a signiﬁcant
correlation (r2=0.843, pb0.0001; data not shown).
3.3. Interaction of TM segments with detergent micelles monitored by Trp
ﬂuorescence
The presence of a central tryptophan residue allows us to conﬁrm
the interaction of TM segments with detergent micelles. Peptides
generally displayed a ﬂuorescence maximum in water between 346
and 350 nm, consistent with complete exposure of the Trp residue
to an aqueous environment (Fig. 5, blue curves); vSGLT had a ﬂuores-
cence maximum in water of 341±2 nm, likely due to some
Fig. 5. Tryptophan ﬂuorescence spectra of peptides derived from native transmembrane segments and corresponding designed transmembrane peptides. Sequences are given in Table 1.
Spectra are shown for TM segments in aqueous buffer (blue); OG (gold); DDM (green); DPC (red); and SDS (black). Spectra are the average of aminimumof three independent experiments,
and have been normalized to the maximum emission in water.
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The ﬂuorescence spectra, grouped by TM segment, are shown in
Fig. 5; spectra grouped by detergent are shown in the supporting in-
formation, Fig. S3. In all detergents, there was an observable blue shift
in the maximum of the ﬂuorescence emission spectra for each of the
peptides studied. These blue shifts (typically accompanied by an in-
crease in emission intensity) are consistent with association of the
Trp residue with detergent micelles, even in those cases where
there is otherwise little change in secondary structure.
As with the CD studies, we used ﬂuorescence spectroscopy to de-
termine if there were any average differences in the interactions of
various detergents with the TM segments. Again we found no distinc-
tion among detergents, as no detergent produced a normalized blue
shift that was different than any other when compared across all seg-
ments (Fig. 6a). While blue shifts produced by speciﬁc TM segment/
detergent pairings varied to some degree (Fig. S4), the only segment
investigated that had a statistically different average blue shift, across
all detergents, was the synthetic designed TM peptide AI10. For all
other segments, despite the exposure of Trp residues to varying envi-
ronments within the native structure (Fig. 1b), there was no signiﬁ-
cant difference in the average blue shift (12–16 nm across all
detergents) among the ﬁve individual native TM segments (Fig. 6b)
— including those where the Trp residue in the native protein seg-
ment is classed as aqueous-exposed. In contrast, the AI10 segment
has a very large blue shift in all detergents of between 28 to 32 nm,
typical of its elevated hydrophobicity, as well as its self-association
propensity in detergents [22].4. Discussion
4.1. Transmembrane segment structure in intact proteins vs. TM peptides
Helix formation in TM segments is typically coupled with bilayer
insertion and is dependent upon hydrophobicity [36,37]. Of the na-
tive TM segments investigated here, we note that some are predictedto be of insufﬁcient hydrophobicity to insert independently into na-
tive bilayers (Table 1). In native bilayers, the translocon-mediated in-
sertion of such segments has been hypothesized to be dependent on
the remainder of the protein [38,39]. In detergents, this situation
manifests as a partially helical state that is likely a micelle surface-
interactive species, as has been observed in previous studies
[22,23,40–42]. The correlation observed in Fig. 4 indicates that the
overall secondary structures of each TM segment formed in both the
protein and the detergent-solvated state are similar, and are therefore
an intrinsic property of the protein sequence that is preserved in hy-
drophobic environments. This correlation should only exist if TM seg-
ments have both a similar insertion propensity as well as a similar
sequence-speciﬁc helix formation propensity in these two different
environments. The present results thus suggest that the two features
of the peptides studied here that are the fundamental contributors to
their level of helix adoption in detergents are sequence hydrophobic-
ity and native secondary structure.
We note that the crystal structures investigated here likely only
represent a subset of potential conformations that occur during a
given translocation process. Although there is some variation in heli-
cal structure among corresponding TM segments within a protein
subset (Fig. 4), the major conformation (inward facing or outward
facing), along with the identity of the pore-lining segments, are con-
sistent among all crystal structures of a given protein. While the
structural database may be biased toward conformations that are
most stable in detergents, the excellent correlation observed here
provides evidence that this bias could extend to the level of secondary
structure adoption of individual TM segments.
4.2. Are detergents denaturants of membrane proteins?
Detergents are often qualitatively described as ‘harsh’ or ‘mild’
based upon their relative propensity to denature proteins. In some
protein folding studies, solubilization by ‘harsh’ detergents has been
used to denature the tertiary structure of multi-spanning membrane
proteins [43–45]. Properties of detergents that render them
Fig. 6. Analysis of ﬂuorescence spectra of native and designed transmembrane peptides.
(a) Normalized blue shift for each detergent averaged across all TM segments (seeMaterials
andmethods). (b) Blue shifts of each segment, averaged across all detergents. Designed TM
segments are shown in gray, TM segments forwhich the Trp residue lines aqueous cavity in
thenative structure are shown in blue, segmentswhere theTrp residue is exposed to lipid in
the native structure are shown in green, and the segment where the Trp residue is buried
within the protein is shown in gold.
1357D.V. Tulumello, C.M. Deber / Biochimica et Biophysica Acta 1818 (2012) 1351–1358denaturing include head group charge (a charged head group is more
denaturing than a zwitterionic one which, in turn, is more denaturing
than a neutral one), as well as acyl tail length (a shorter chain is more
denaturing than a longer one) [13]. In the present work we have ob-
served that both ‘harsh’ (SDS and DPC) and ‘mild’ (DDM and OG) de-
tergents interact with individual TM segments in a similar manner.
This tolerance of TM structure in an assortment of hydrophobic envi-
ronments may be an intrinsic property of TM segments that governs
their stability in varying lipid environments [46]. The denaturing
properties of ‘harsh’ detergents may thus be due largely to their inter-
actions with non-membranous regions of proteins where charged
and zwitterionic detergent head groups provide an alternative mode
of interaction with non-hydrophobic residues. Since extra-
membranous regions likely directly contribute to overall TM domain
formation, disruption of structure of these regions would be expected
to be denaturing to the protein as a whole [11]. Accordingly, ‘harsh’ de-
tergents have proven to be a suitable mimetic for those TM constructs
having no or very limited extramembranous regions, such as those typ-
ically investigated by NMR [17,47]. While the necessary inclusion of
non-hydrophobic residues in TM segments derived from transporter
proteins forces these segments to sacriﬁce overall hydrophobicity –
and, in part, stable helical insertion – for function, it has been noted
that such proteins are particularly susceptible to denaturation in all
but the mildest detergents (such as DDM) [48]. This situation is likely
recapitulated when the corresponding TM peptides are studied in de-
tergents, as elimination of ‘passenger’ tertiary contacts provided by
the protein may tend to mitigate against their micelle insertion andsecondary structure formation. Examples of this latter circumstance
are the micelle complexes of LacY TM 5 and AdiC TM 6 that exist in a
partially-inserted state. For these segments, the observed blue shifts
conﬁrm a primarily non-native state, where the central Trp residues
are not water-exposed.
The characterization of individual TM segment structures in deter-
gents may therefore represent a glimpse into the “unfolded” state of
membrane proteins, where tertiary contacts between different heli-
ces are yet to form. As such, unfolding studies of membrane proteins
in detergents likely probe a subset of the forces stabilizing membrane
protein structure, i.e., for some TM segments only tertiary interactions
are lost, while in instances where bilayer insertion is weaker due to
low hydrophobicity, secondary structure of TM segments may also
be lost. Nevertheless, even in so-called “unfolded” states of mem-
brane proteins present in detergents, there may be some (stronger)
tertiary interactions that persist within the TM domain [44,49].
While detergent micelles and membranes have some features that
vary between them, they remain similar in one very important regard:
they both present a largely hydrophobic environment into which pro-
tein sequences may fold. It should not be surprising then, that in
many circumstances, detergent micelles are indeed a suitable environ-
ment for membrane protein folding. In order to denature water-
soluble (globular) proteins, extreme conditions are often employed,
such as drastic changes in salt concentration, the presence of a high con-
centration of chemical denaturant (such as guanidinium chloride or
urea at concentrations up to 8 M), or heating [50]. These effects repre-
sentmajor changes in the nature of themedium inwhich native folding
occurs; as such, they often provide competition for native protein fold-
ing interactions (such as backbone H-bonds that stabilize secondary
structure), and/or alter the structure and dynamics of water, thereby
diminishing the hydrophobic effect [51]. When viewed in this context,
the differences in bulk properties between a bilayer and a detergentmi-
celle do not seem as extreme in comparison to the changes in solvent
properties thatmust occur for the unfolding ofmanywater-soluble pro-
teins. If it is the hydrophobic environment of the bilayer that is themain
determinant of transmembrane domain folding, then the internal envi-
ronment of a detergentmicelle should indeed be considered similar to a
native membrane bilayer.
5. Conclusions
The parallelism of the TM segment structures observed in the high-
resolution structures of nativemembraneproteins vs. their corresponding
TMsegment peptides is perhaps not unexpected, given that the structures
in each instance have, in effect, been obtained in detergent environments.
The consistency of structural features of TM segments observed here in a
variety of micellar media does suggest that these structures likely corre-
spond to the relevant biological forms that occur in each protein in its na-
tive lipid bilayer environment.
Supplementary materials related to this article can be found online
at doi:10.1016/j.bbamem.2012.01.013.
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